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Abstract
Background. The fovea, a pit in the retina, is believed to be important for highacuity vision and is a feature found in the eyes of humans and a limited number of
vertebrate species that include certain primates, birds, lizards, and fish. At present,
model systems currently used for ocular research lack a foveated retina and studies
investigating fovea development have largely been limited to histological and molecular
studies in primates. As a result, progress towards understanding the mechanisms
involved in regulating fovea development in humans is limited and is completely lacking
in other, non-primate, vertebrates. To address this knowledge gap, we provide here a
detailed histological atlas of retina and fovea development in the bifoveated Anolis
sagrei lizard, a novel reptile model for fovea research. We also further test the
hypothesis that retinal remodeling, which leads to fovea formation and photoreceptor
cell packing, is related to asymmetric changes in eye shape.
Results. Anole retina development follows the conventional spatiotemporal
patterning observed in most vertebrates, where retina neurogenesis begins within the
central retina, progresses throughout the temporal retina, and concludes in the nasal
retina. One exception to this general rule is that areas that give rise to the fovea
undergo retina differentiation prior to the rest of the retina. We find that retina thickness
changes dynamically during periods of ocular elongation and retraction. During periods
of ocular elongation, the retina thins, while during retraction it becomes thicker.
Ganglion cell layer mounding is also observed in the temporal fovea region just prior to
pit formation.
Conclusions. Anole retina development parallels that of humans, including the
onset and progression of retinal neurogenesis followed by changes in ocular shape and
retinal remodeling that leads to pit formation in the retina. We propose that anoles are
an excellent model system for fovea development research.
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Key Findings
• Retina mounding that occurs in foveal areas prior to retinal differentiation
progressively disappear as foveal regions of the eye elongate.
• The central and temporal foveal areas undergo retina differentiation before the
rest of the retina.
• GCL mounding prior to pit formation occurs in the area of the temporal fovea but
not the central fovea.
• When the eye is experiencing ocular retraction, photoreceptor cell packing, and
pit formation are observed within foveal regions.
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Abbreviations
Ganglion cell layer (GCL)
Inner Plexiform Layer (IPL)
Outer Plexiform Layer (OPL)
Inner nuclear layer (INL)
Outer nuclear layer (ONL)
External limiting membrane (ELM)

Page 2 of 22

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.07.462409; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Rasys et al.
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Development of the lizard retina

Introduction
For centuries, physicians and researchers alike have been captivated by the eye
and have sought to understand the pathways that enable sight. As a result, decades of
work have centered around investigating the development of the human retina and in
particular its fovea. Discovered by Samuel Thomas von Sömmerring in the early 1800s,
the fovea is a pit located in the macular region of the human eye (Mann, 1928, Barber,
1955) and has long thought to be a critical feature for high visual acuity in humans as
well as certain other vertebrates (Slonaker, 1897). Although present in some species of
birds (Fite and Rosenfield-Wessels, 1975, Walls, 1942), lizards (Walls, 1942,
Underwood, 1970, Röll, 2001, Hulke, 1866), and fish (Collin, 1999, Easter, 1992), much
of our understanding of fovea development comes from work in foveated primates
(Hendrickson, 1992, Hendrickson, 2015, Hendrickson, 2005, Hendrickson and Drucker,
1992, Hendrickson and Kupfer, 1976, Hendrickson et al., 2012, Hendrickson and
Provis, 2006, Hendrickson and Yuodelis, 1984, Springer and Hendrickson, 2005,
Springer and Hendrickson, 2004b, Springer and Hendrickson, 2004a, Yuodelis and
Hendrickson, 1986, Peng et al., 2019, Voigt et al., 2019, Yan et al., 2020). Histological
studies of the primate eye have provided important insights into the timing and
progression of retina development and foveal morphogenesis (Hendrickson, 1992,
Hendrickson, 2015, Hendrickson, 2005, Hendrickson and Drucker, 1992, Hendrickson
and Kupfer, 1976, Hendrickson et al., 2012, Hendrickson and Provis, 2006,
Hendrickson and Yuodelis, 1984, Springer and Hendrickson, 2005, Springer and
Hendrickson, 2004b, Springer and Hendrickson, 2004a, Yuodelis and Hendrickson,
1986). The fovea develops initially through the lateral displacement of the retina’s
ganglion cell layer (GCL) and inner nuclear layer (INL) (Hendrickson and Yuodelis,
1984, Hendrickson et al., 2012). Over time, the photoreceptor cells, which make up the
entire outer nuclear layer (ONL), move and pack in around the foveal center
(Hendrickson and Yuodelis, 1984, Hendrickson et al., 2012, Yuodelis and Hendrickson,
1986, Hendrickson and Drucker, 1992).
At present, the underlying developmental mechanisms that are involved in
reshaping of the retina landscape are not well understood. Nor is it clear how specific
retinal regions are instructed to develop a fovea in the first place. Addressing these
questions requires the ability to manipulate gene function and/or disrupt cell signaling
pathways that have been implicated in fovea development. This is challenging to do in
primates because of their reproduction schedule, generation time, and ethical concerns
regarding genome modification and the raising of mutant lines. Determining the
mechanisms involved in pit formation are also not possible in other animals commonly
used for eye research such as the mouse, chick, Xenopus, and zebrafish because they
all lack a foveated retina. Hence, a new foveated model system is needed--one that can
easily be reared in a laboratory setting, reproduces frequently, has a short generation
time, and in which the genome can easily be edited. Therefore, we are developing the
brown anole lizard (Anolis sagrei) as a foveated model system for research (Rasys et
al., 2021a, Rasys et al., 2019a, Rasys et al., 2019b, Rasys et al., 2021b). This lizard
has a bifoveated retina, possessing a large prominent central fovea and second, much
shallower, temporal fovea (Rasys et al., 2021a, Fite and Lister, 1981, Makaretz and
Levine, 1980, Sannan et al., 2018, Underwood, 1970, Walls, 1942). Remarkably, during
Page 3 of 22

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.07.462409; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Rasys et al.

Development of the lizard retina

133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

embryonic development anole eyes undergo
dynamic changes in their ocular shape
(Rasys et al., 2021a). First, the eye
dramatically elongates in the regions that will
develop a fovea. This is followed by a
retraction period, where the eye returns back
to its original spherical shape. It is during this
retraction phase that the foveae develop. We
previously proposed that remodeling of the
retina landscape results from changes in eye
shape that eventually lead to the organization
of high visual acuity areas (Rasys et al.,
Figure 1: Diagram of cell organization in
2021a). Here we test this hypothesis by
the adult brown anole lizard retina.
making a careful examination of the
morphology of the retina prior to, during, and after ocular elongation.
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Results
Structure of the adult retina
The results of this study are made with reference to the retinal structure of the
adult anole, which is, as depicted in this sketch made from histological sections cut
through anole eyes (Fig. 1), similar to that of other vertebrates. Ganglion cells and
putative displaced amacrine cells comprise the ganglion cell layer (GCL). Amacrine
cells, bipolar cells, Müller glia, and horizontal cells populate the inner nuclear layer
(INL), and photoreceptor cells populate the outer nuclear layer (ONL). The inner
plexiform layer is composed of synaptic connections between neurons in the GCL and
INL, and is located between these two cell layers. Similarly, the outer plexiform layer is
composed of synaptic connections between bipolar cells, horizontal cells and
photoreceptors, and is located between the INL and ONL. Immediately adjacent to the
ONL on the posterior side of the eye is the retinal pigmented epithelium (RPE). The
RPE is a single cell layer with an extensive array of microvilli extending from its apical
surface that interdigitates with the outer segments of the photoreceptors. Immediately
adjacent to the RPE is the heavily vascularized choroid and cartilaginous sclera, which
forms the tough outer surface of the ocular globe.
Early retinal development of foveal areas
In the early developing eye, the prospective central and temporal foveal regions
of the neural retina exhibit a thickened and mounded appearance compared to adjacent
regions as visualized by histological sections cut through the eyes of stage 5 embryos
(Fig. 2a-f; compare regions d,f to b,c,e). These observations suggest that the regions of
the retina that will give rise to the central and temporal fovea, respectively, are further
along in development than non-foveated retinal regions.
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Figure 2. Foveal areas in anoles have retina mounding and undergo retinal lamination before the
rest of the retina. Side panels show H&E stained horizontal sections of stage 5 (a), stage 6 (g), and
stage 8 (m) embryos. The retina areas: NR—nasal retina (b, h, and n), NR←C—area between the central
and nasal retina (c, i, and o), CR—central retina (d, j, and p), C→TR—area between the central and
temporal retina (e, k, and q), and TR--temporal (f, l, and r) are shown for each (a), (g), and (m) sections.
Magnified inserts of the foveal regions are shown for stage 5 (d´ and f´), stage 6 (j´ and l´), and stage 8
(p´ and r´) embryos. Images (b-f, h-l, and n-r) and (d´-f´, j´-l´, and p´-r´) are respectively to scale with
one another. Markers: black arrows – mitotic cells; RPE – retinal pigmented epithelium; NR – neural
retina; IPL – inner plexiform layer; OPL – outer plexiform layer; scale bars – 250 µm (a, g, and m), 50
µm (b-f, h-l, and n-r), and 20 µm (d´-f´, j´-l´, and p´-r´).

173
174
175
176
177
178
179
180
181
182
183
184
185

Cell proliferation & retina lamination
During the time period that immediately follows optic cup formation in the
developing anole (Sanger stages 1-3) (Sanger et al., 2008b) mitotic cells are distributed
widely throughout the developing neural retina adjacent to the retinal pigmented
epithelium (data not shown; see Fig. 2 of Rasys et al. (2021b)). By late stage 3, an
increase in the number of cells dividing in the central region of the retina is observed,
and by stage 4, a slight mounding to the retina (i.e., increased neural retina thickness) is
detected centrally (data not shown; see Anolis Eye Development poster from Rasys et
al. (2021a)). As the embryo enters stage 5 of development, the eye has grown
considerably in overall size and regional differences in both morphology and the relative
numbers of mitotic figures become clearly evident (Fig. 2a-f). Retinal mounding in the
central retina has increased in both area and thickness and a similar mounded
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Figure 3. Retinal development in midstage embryos. Panels to the left show horizontal H&E
stained sections of stage 9 (a), stage 10 (e), and stage 13 (i) embryos. The nasal retina is depicted in
(b, f, and j), the central retina in (c, g, and k), and temporal retina in (d, h, and l). Markers: black arrows
– presumptive horizontal cells; black arrow heads – pyknotic cells; side notches – presumptive
amacrine/bipolar boundary; NR – neural retina; GCs – ganglion cells; ACs – amacrine cells; BCs –
bipolar cells; dashed white lines – presumptive amacrine/bipolar boundary; and scale bars – 250 µm
(a, e, and i), 50 µm (b-l), 20 µm (magnified inserts). Inserts are all to scale with each other.
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formation, although smaller, is also observed in the temporal region where the
presumptive temporal fovea will develop (Fig. 2a, d, f). The highest densities of
mitotically active cells are located in the mounded regions of the central and temporal
retina (Fig. 2a, d, f), with a lower density of mitotically active cells in the nasal peripheral
retina (Fig. 2a-c) and the retinal area between the mounded regions of the central and
temporal retina (Fig. 2a, e). Most of the mitotic figures observed in the neural retina are
consistent with vertically oriented cell division (the plane of cell division was
perpendicular to the plane of the neuroepithelium). In the mounded area of the central
retina, cells dividing horizontally are also observed (Fig. 2d).
The first signs of retina lamination are observed by stage 6. A prominent inner
plexiform layer (IPL) and developing outer plexiform layer (OPL) are found centrally,
while temporally both of these plexiform layers are present but less well developed (Fig.
2g, j, l). Strikingly, no lamination is evident between the central and temporal retina
regions (Fig. 2k), nor is lamination observed in the temporal anterior margin. This
provides evidence that areas with retinal mounding have progressed further in
Page 6 of 22

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.07.462409; this version posted October 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Rasys et al.

Development of the lizard retina

Figure 4. Maturation of the anole retina ganglion cell layer. Horizontal H&E stained sections of stage
5 (a-c), stage 6 (d-f), stage 9 (f-i), and stage 10 (j-l) embryos are shown along with the hatchling (m-o).
Images (a, d, g, j, and m) are from the nasal retinal region (NR), (b, e, h, k, and n) from the central region
(CR), and (c, f, i, l, and o) from the temporal retina area. Images (a-c), (d-f), (g-i), (j-l), and (m-o) are to
scale with each other. Markers indicate: black arrows – presumptive ganglion cells; side notches –
organized row of presumptive ganglion or displaced amacrine; PL – plexiform layer; *CPF – central
parafoveal area; *TF – temporal fovea area; and scale bars – 20 µm (a-o).
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development as compared to other regions of the retina. During this period, cell
proliferation has largely ceased in the central retina and is greatly reduced in the
temporal retina. The few cells that are still observed to be undergoing mitosis within
these areas are located distally from the ventricle surface (Fig. 2j, j´, l, and l´). In
contrast, the densities of mitotic figures located in the peripheral retina and in the region
between the central and temporal foveal areas of stage 6 embryos are higher compared
to the same regions in stage 5 embryos. For these areas, dividing cells are mostly
located adjacent to the ventricle surface (Fig. 2h,I,k), but distally located mitotic cells are
observed in portions of the peripheral retina starting to form neuropil (Fig. 2i,k).
By stage 8, the IPL and OPL are now observed in the retina between the central
and temporal areas but do not extend to the temporal anterior margin (Fig. 2m-r). At this
stage, cell proliferation is largely restricted to the anterior nasal retina (Fig. 2n-o). By
stage 10, the IPL and OPL extend from the anterior margin on the temporal side of the
eye around the retina, but do not quite reach the anterior margin of the eye on the nasal
side (Fig. 3e). Proliferation at this time has largely ceased. By stage 11-12, the IPL and
OPL extend all the way around the retina (data not shown, but see Fig. 3i for stage 13).
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Neurogenesis of retina cell-types
We next sought to determine the approximate timeline of when cell-types emerge
in the developing anole retina. In other vertebrates, the first retina cells to be born are
ganglion cells followed by horizontal, amacrine, and cone photoreceptor cells. In
contrast, rod photoreceptors, bipolar, and Müller glia cells differentiate later in retina
development (Prada et al., 1991, Kahn, 1974, Weysse and Burgess, 1906, Coulombre,
1955, Rhodes, 1979, La Vail et al., 1991, Smith et al., 2001). We monitored the
appearance of these cell types in A. sagrei following morphological criteria described in
other histological studies of the retina (O’Rahilly and Meyer, 1959, Weysse and
Burgess, 1906, Coulombre, 1955). As retinal cells differentiate, their cellular morphology
changes from spindle (progenitor cell) to round (differentiated) shape (Weysse and
Burgess, 1906, O’Rahilly and Meyer, 1959, Coulombre, 1955, Kahn, 1974, Rhodes,

Figure 5. Bipolar and Müller glia histogenesis in the anole retina. Horizontal sections from
embryonic stages 6 (a-c), 9 (d-f), 10 (g-i), 14 (j-l), 16 (m-o), and the hatchling (p-r) are shown. Nasal
retina regions are shown in (a, d, g, j, m, and p), central retina (b, e, h, k, n, and q), and temporal
retina in (c, f, i, l, o, and r). Magnified inserts in NR sections (a, d, g, j, m, and p) show presumptive
bipolar cells transitioning from spindle to round morphology. Magnified inserts in CR and TR sections
(l, n, and r) depict müller glia cells. Markers: black arrows – presumptive horizontal cells; black arrow
heads – presumptive müller glia cells; side notches – presumptive amacrine/bipolar boundary; PL –
plexiform layer; asterisk – transient layer of Chievitz; *CF – central fovea; *CPF – central parafoveal
region; *TF – temporal fovea; PCs – photoreceptor cells; and scale bars – 20 µm (a-u). Images (a-c),
(d-f), (g-i), (j-l), (m-o), and (p-r) are respectively to scale.
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1979). In the anole, the first morphological indication of ganglion cell presence is
observed beginning at stage 5 in the central and temporal mounding areas of the retina.
Post-mitotically these cells are large, round and are located at the vitreal surface of the
neural retina (Fig. 4b, c). Axon fibers extending from these cells toward the future optic
stalk are also just becoming apparent. At stage 6, the GCL is clearly visible in the
mounded regions of the central and temporal retina (Fig. 2g,j,l; Fig. 4e,f). The GCL is 56 cell bodies deep in the central retina and 2-3 cells deep in the temporal retina (Fig.
4e,f). Outside of these two regions, ganglion cells are present but are few in number
(e.g. Fig. 4d). By stage 9 the GCL is approximately 7-8 cells deep (in the central and
temporal retina) and 2-3 cells deep in the retina between these two regions. Nasally, the
GCL is just becoming morphologically distinct (Fig. 4g). Shortly after this period, the
central and temporal areas of the developing retina become notably longer concordant
with asymmetric expansion of the ocular globe along the nasotemporal and lateromedial
axes compared to the dorsoventral axis (St 9-14) (Rasys et al., 2021a). This change in
length is accompanied by a regional decrease in the cellular density of the neural retina,
which is noticeable as a thinning of the GCL (Rasys et al., 2021a). By stage 15 the
ocular globe begins to retract, concomitant with regional increases in cellular density
(Rasys et al., 2021a). By the time of hatching, the GCL is 4-6 cells deep in all retinal
regions except that of the central fovea, which is devoid of ganglion cells due to lateral
displacement (Fig. 4m-o).
Interestingly, an apparently transient row of cells is distinctly visible in the IPL
adjacent to the GCL for a period of time during retinal development. These cells are first
seen in the central retina at stage 6 (Fig. 2j,p), next in the temporal retina in the
presumptive foveal region (Figs. 2r; 3d; 4i), and finally in the nasal retina (Figs. 3f; 4j).
The timing of regional appearance and subsequent disappearance of these cells is
linked with the progression of retinal differentiation within the eye. The identity of these
cells is not known at this time, but may be ganglion cells and/or displaced amacrine
cells.
Amacrine cells are located in the region of the INL located adjacent to the IPL.
Morphologically, differentiated amacrine cells are round in shape with a larger soma
than retinal progenitor cells, which exhibit a spindle-like form and are densely packed
within the neural retina (Fig. 3). Morphologically distinct amacrine cells first appear in
small numbers in the central retina at stage 6 (Figs. 2j; 5a-c), in the temporal retina by
stage 7 (data not shown), and in the nasal retina by stage 9 (Figs 3a,b; 5d). The region
of the INL enriched for amacrine cells can be distinguished from that enriched for
bipolar soma by differences in cell density and soma morphologies between amacrine
and developing bipolar cells. These regions are easily distinguished from one another
throughout embryonic development and into adulthood (for a clear representation see
Fig. 3). Interestingly, we also observed that this boundary transiently becomes more
distinct and has a marked separation at or around the presumptive fovea areas between
stages 10-12. In this separated area, very few cell bodies are present (Figs. 3e,g; 5h).
Similar to the GCL, the amacrine cell density undergoes regional changes during
the period the ocular elongation and retraction. Between stages 8-9, both the central
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and temporal regions have an amacrine cell layer that ranges from 8-9 cells in depth
(Fig. 5e-f). At the height of elongation (St 14), this number drops to around 5-6 cells in
depth, but during retraction (St 18), the number of cells ranges from 7-9 in depth
throughout the retina (Fig. 5j-m, p). During foveae formation in the central and temporal
areas (St 16), the amacrine cell layer thins progressively as cell bodies become laterally
displaced from the foveal centers. The displacement of amacrine cells away from foveal
centers results in an increase in cell density and retinal thickness in regions adjacent to
the foveal areas. By hatching, the central fovea is completely devoid of amacrine cells,
while the temporal fovea retains a layer of amacrine cells that is 3-4 cells deep (Fig. 5r;
Fig. 6).
Horizonal cells, which occupy the outermost region of the INL, and photoreceptor
cells, which lie adjacent to the ventricular surface, are first observed in the central,

Figure 6. Fovea formation and photoreceptor cell packing in the anole retina. Top panels shows
stage 16 embryo (a-c), middle stage 17 embryo (d-f), and hatchling (g-i) horizontal H&E stained
sections. Central fovea areas are depicted in (b, e, and h), temporal fovea regions in (c, f, and i).
Magnified inserts show photoreceptor cells. Markers signify: GCL – ganglion cell layer; INL – inner
nuclear layer; ONL – outer nuclear layer; RPE – retinal pigmented epithelium; Chd – choroid; Scl –
sclera; side notches – external limiting membrane; and scale bars – 250 µm (a, d, and g), and 50 µm
(b-c, e-f, and h-i). Magnified inserts are all to scale with one another.
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temporal, and nasal retina areas by stages 5, 6, and 9, respectively (Fig. 7b, e-g). By
stage 10, the horizontal cells are neatly arranged into a single row of cells. From this
point until hatching, we detect little change either in cellular morphology or number of
horizontal cells. The ONL during this time is largely composed of photoreceptors
approximately 1-2 soma deep. Interestingly, the distance between neighboring
photoreceptor cells is different between the nasal retina and presumptive foveal areas
of the central and temporal retina. In the nasal region, cells are closely packed together,
while in the central and temporal regions cells are more spaced apart (Fig. 7g-o). This is
most evident during the period of ocular elongation (St 9-14). When the eye undergoes
retraction (St 15-18), this spacious layout of the central and temporal photoreceptor
cells is lost (Fig. 7p-r). By stage 14, the external limiting membrane (ELM) is present
along with the first morphological indications of inner photoreceptor cell segments (Fig.
7n and o). By stage 16, the number of photoceptor cells within the central fovea has
increased from 1 to 5 cells deep, photoreceptors are 2-3 cells deep in the temporal
fovea (Fig. 7q-r). At the time of hatching, photoreceptor and horizontal cells present in
the central fovea have become completely laterally displaced, their processes
elongated, and inner/outer segments lengthened, whereas in the temporal foveal center
photoreceptor cells are 4-5 cell cells deep and horizontal cells are still present (Fig. 7su).

Figure 7. Horizontal and photoreceptor cell development in the anole retina. Images of H&E
stained horizontal sections from stage 5 (a-c), stage 6 (d-f), stage 9 (g-i), stage 10 (j-l), stage 14 (m-o),
stage 16 (p-r) embryos are depicted along with the hatchling (s-u). Nasal retina regions are shown in
(a, d, g, j, m, p, and s), central retina (b, e, h, k, n, q, and t), and temporal retina in (c, f, i, l, o, r, and u).
Markers indicate: black arrows – presumptive horizontal cells; black arrow heads – presumptive
photoreceptor cells; side notches – external limiting membrane; RPE – retina pigmented epithelium;
asterisk – RPE absent due to sectioning artifact; PL – plexiform layer; *CF – central fovea; *CPF –
central parafoveal region; *TF – temporal fovea; and scale bars – 20 µm (a-u). Images (a-c), (d-f), (gi), (j-l), (m-o), (p-r), and (s-u) are to scale with one another, respectively.
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Nestled between the amacrine and horizontal cells is a dense population of
presumptive bipolar neurons. Due to the lack of definitive morphological features and
challenges associated with distinguishing cells in regions of high cell density, we report
here only a rough timeline of when observable changes in cell morphology (i.e., a shift
from spindle to round morphology) were seen in a large number of cells. Presumptive
bipolar cells were first detected between stages 9-10, 10, and 12 for the central,
temporal, and nasal retina regions, respectively (Fig. 5d-i). Progression to later stages
resulted in the majority of these presumptive bipolar cells transitioning from spindle to
round cell morphology throughout the retina and by stage 14, these cells appear largely
uniform in shape (Fig. 5j-l). During formation of the central and temporal foveae (St 16),
the number of bipolar neurons decrease at the foveal centers in a manner similar to the
amacrine cells. By hatching, the central fovea is devoid of bipolar cells whereas the
temporal fovea retains bipolar cells (Fig. 5m-r).
Müller glia soma tend to be larger than the cell bodies of other cells in the retina
and are typically located in the region of the INL between the amacrine and bipolar
soma. Müller glia nuclei are also more eosinophilic than other cells in the INL. Müller
glia processes extend the thickness of the retina to both the outer and inner limiting
membranes. The presence of cells matching this morphological description are first
observed in small numbers between stages 11, 12, and 13 in the central, temporal, and
nasal areas and are more easily detected when the ELM appears at stage 14 (Fig. 5l, n,
r).
Cell Death
Naturally occurring waves of cell death that progress in the same order of neuron
birth have been observed in other vertebrates (Beazley et al., 1987). In anoles, we
found that cell death follows the same spatiotemporal pattern as neurogenesis (i.e.,
pyknotic cells appear first in the central retina, followed by the temporal retina, then
regions immediately flanking the central retina, and lastly the nasal retina (Fig. 3). Cell
death is first detected within the GCL and amacrine layer as early as stage 9, becoming
more prominent by stage 10 in the central and temporal areas of the retina. Although a
pyknotic cells are also present in these cell layers in the nasal retina at this stage, they
are relatively few in number (Fig. 3c, d, f-h). By stage 11, the majority of pyknotic cells
throughout the central and temporal regions, are found in the amacrine layer, whereas
the bulk of dying cells evident in the nasal, regions immediately flanking the central
retina are still within the GCL. This progression continues into stages 12-13 where cell
death in the central and temporal retina is largely restricted to bipolar neurons. For the
other retinal regions, death was predominantly found in the amacrine layer (St 12) and
later, the bipolar region (St 13) (Fig. 3j-l). By stage 15, cell death is absent centrally but
is still observed throughout the entire temporal retina, limited to the bipolar region.
Nasally, only a few of cells in the amacrine layer are detected. By stage 16, cell death is
only detected in the nasal retina in bipolar neurons. At stage 17, no cell death is
observed. We did not observe any obvious pyknotic cells present in the photoreceptor
and horizontal cell layers. Given that these cells represent a small proportion of cells in
the retina, it is possible that cell death in these layers went unnoticed because there are
fewer cell death events occurring.
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Fovea formation & retinal remodeling
We next turned our attention towards assessing how ocular elongation and
retraction contribute to remodeling the retina. We began by looking at the development
of the foveae of the retina. Formation of the foveae occur during the last week of
embryonic development in anoles, between stages 16-18; it is during this time period
that the eye is actively undergoing ocular retraction (Rasys et al., 2021a). As the foveae
form, they do so through the lateral displacement of the retina nuclear layers and the
movement of photoceptor cells towards the foveal centers. Halfway through stage 16,
the first morphological signs of foveae formation can be detected. At the central fovea
an indentation in the GCL and a pronounced increase in the number of photoreceptor
cells (5 deep) in the ONL is observed (Fig. 6a-c). By stage 17, all three nuclear layers—
GCL, INL, and ONL have become laterally displaced at the central fovea. As the
displacement of the ONL occurs, the elongated photoreceptor cell processes and the
cell bodies appear to extend approximately 45˚ away from the ELM at the foveal center
(Fig. 6e). The lateral displacement of these cells is present well into the parafoveal
region during this period. By stage 18 the period ocular retraction is complete, and the
central fovea has all of the essential characteristics present in the adult. The temporal
fovea develops somewhat differently. Before a shallow pit is observed, the retina briefly
increases in width, forming a slight mound or dome (Fig. 6a,c). This doming of the
temporal retina appears to primarily be due to the slight increase in number of ganglion
cells present with in this region. A slight increase in photoreceptor cells (2-3 deep) is
also apparent at the foveal center. By stage 17, photoreceptors are 4-5 cells deep, the
INL has narrowed, and a slight pit has formed (Fig. 6f). At the time of hatching, the
temporal fovea pit is more pronounced, and the area where photoreceptor cell packing
is observed has expanded (Fig. 6g, i).
We next examined the retina more closely for subtle changes that occur before
pit formation. Early in development, shortly before on the onset of neurogenesis, we
observed that areas where the foveae will develop are thickened and have a mounded
appearance. This thickening is detected as early as stage 4 in the central retina (data
not shown) and by stage 5 in the temporal retina (Fig. 2a). By stage 6, these areas
become more pronounced as the plexiform layers develop (Fig. 2g). It is during this time
that ocular elongation begins in the central and temporal regions of the eye (Rasys et
al., 2021a). These regions will continue to elongate, peaking around stage 14 (Rasys et
al., 2021a). As this process occurs, retinal mounding in the presumptive foveal areas
gradually disappears (Figs. 2m; 3a,e,i). By stages 9 and 10, mounding is no longer
present (Fig. 3a,e). Nearing the peak elongation (St 13), the entire retina has
dramatically thinned (Fig. 3i). After this point, the eye begins to retract; as it does so, the
retina thickens, and pit formation occurs.
To further characterize and quantify alterations to the retina during periods of
ocular elongation and retraction, we assessed changes in retina length and thickness
from embryos during early retina neurogenesis (St 6; n = 4), at the peak of elongation
(St14; n = 4), and at hatching (n = 6). Retinas of each sectioned eye were measured
from the temporal to nasal ciliary marginal zones to obtain total retina lengths. Because
eye size dramatically varies between these three developmental periods, we separated
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the retina sections from each eye into ten distinct bins to ensure that retina widths,
which were measured at the intersection of each bin, were representative of the same
region between the different stage embryos. We found that total retina length follows a
similar pattern as changes in ocular shape. During early development (St 6), the mean
retina length is 3706 ± 410 µm. When ocular elongation is at its peak, retina length
increases to 5063 ± 225 µm. By hatching, when the eye is retracted, retina length has
decreased down to 3509 ± 90 µm. We next looked at retina thickness distribution across
these timepoints (Fig. 8). We determined that retina thickness largely changes as a
function of retina length or development of the plexiform layers. Although stage 6 and
stage 14 embryos have similar overall retina thickness (Fig. 8b-c), at stage 14 the
plexiform layers are developed, whereas at stage 6 the retina is still differentiating (Fig.
8). As a result, some retina growth is expected to occur from retinal lamination in the
stage 6 embryo. From stage 14 to hatching, retina thickness dramatically increases
through a thickening of both the nuclear and plexiform layers (Fig. 8c).

Figure 8. Retinal remodeling during ocular elongation and retraction. Panel (a) shows H&E
stained horizontal sections from stage 6 and 14 lizard embryos as well as the hatchling. Retinal
binning is depicted around hatchling section shown in (a). Panel (b) shows retina thickness across
stages 6, 14 and the hatchling taken from the nasal retina, asterisk area shown in (a). (c) is a diagram
summary of (b) comparing nuclear (black) and plexiform (grey) layers. Graph (d) shows mean retina
thickness and distribution across embryonic stages 6 (blue), 14 (magenta), and the hatching (black).
Markers: GCL – ganglion cell layer; INL – inner nuclear layer; ONL – outer nuclear layer; IPL – inner
plexiform layer; OPL – outer plexiform layer; AxL – axon layer; asterisk – retina areas shown in (b);
intersection of retina bins (N5, N4, N3, N2, N1, CF, T1, T2, TF, T4) – demarks where retina width
measurements were performed; and scale bars – 500 µm (a) and 50 µm (b).
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Discussion
The work we present here shows that foveal regions are morphologically
apparent very early on, even before retinal layers are present. We find that
differentiation begins first within these regions before the rest of the retina (for
illustration see Fig. 9). We also provide evidence that ocular elongation occurs shortly
after retina neurogenesis appears complete within these foveal areas. Moreover,
consistent with our hypothesis we observed that the retina appears to be influenced by
changes in ocular shape and size. As the eye elongates, foveal areas progressively thin
and retina mounding is lost. By the point of maximum elongation, when eye size is also
at its largest, retina thickness is at its thinnest throughout the entire eye. The eye then
retracts, at which time retina thickness increases and remodeling of the retina results in
pit formation and photoreceptor cell packing. The timing and sequence of these
events—neurogenesis leading to ocular elongation followed by retraction/retinal
remodeling (i.e., pit formation and photoreceptor cell packing; for illustration see Fig.
10), suggests that fovea morphogenesis includes a series of steps that begin early and
continue throughout most of embryonic development.

Figure 9. Illustration of the anole’s
spatiotemporal patterning of retina
neurogenesis. Retina areas: NR – nasal
retina; NR←C – retina region between nasal
and central retina; CR – central retina;
C→TR – region of the retina between
central and temporal areas; TR – temporal
retina.
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Development of the lizard retina

Figure 10. Diagram illustrating the
emergence of the different retina cell-types
in the anole retina. Nasal (magenta), central
(cyan), and temporal (blue) retina patterns are
illustrated. Dashed lines indicated periods of
ocular elongation, retraction, and pit formation.

Evidence for a relationship between timing of retinal definition and ocular
elongation also exists in humans. For instance, during early eye development, the
macular region, where the fovea will eventually develop, is also the site where retina
neurogenesis first begins and concludes. In humans, this happens between 2-4 months
of gestation in the macular region (Rhodes, 1979, Mann, 1928, Hollenberg and Spira,
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1973, Barishak, 2001, Hollenberg and Spira, 1972, Hendrickson and Zhang, 2017,
Provis et al., 1985, Hendrickson and Provis, 2006, Linberg and Fisher, 1990, van Driel
et al., 1990, Hendrickson, 2015, Barber, 1955) and between 5-7 months in the
peripheral retina (Barber, 1955, Mann, 1928, Hendrickson, 2015, Hendrickson and
Zhang, 2017, Hendrickson, 1992). This 2–4-month time frame is also when
asymmetrical changes in ocular shape are observed in human embryonic eyes. For
instance, a transient protrusion/bulge develops within the temporal posterior region of
the eye where the future fovea develops, starting at around 2 months and peaking at 4
months (von Ammon, 1858, Bach and Seefelder, 1911, Sondermann, 1950, Badtke,
1952, van and Pilleri, 1961). This bulge then progressively disappears between 5-8
months of gestation (von Ammon, 1858, Bach and Seefelder, 1911, Sondermann, 1950,
Badtke, 1952, van and Pilleri, 1961, Königstein, 1884), overlapping the time frame when
pit formation occurs (Hendrickson and Yuodelis, 1984, Hendrickson et al., 2012,
Yuodelis and Hendrickson, 1986, Hendrickson and Drucker, 1992, Mann, 1928). This
process in humans is also gradual and first begins with GCL thickening (Hendrickson
and Yuodelis, 1984, Hendrickson et al., 2012). This is followed by pit formation, which
slowly increases in depth during the latter months of gestation leading up to birth
(Hendrickson and Yuodelis, 1984, Hendrickson et al., 2012). Following this step,
photoreceptor cells move towards and pack in around the fovea center (Hendrickson
and Yuodelis, 1984, Hendrickson et al., 2012, Yuodelis and Hendrickson, 1986,
Hendrickson and Drucker, 1992).
Given that the occurrence of asymmetric changes in globe expansion and
retraction, one might expect corresponding regional differences in retinal morphology.
For instance, when eye elongation occurs, it does so to a much greater extent within the
central foveal area compared to the temporal area and the shape of its elongation is
also very different (Rasys et al., 2021a). One expected outcome is that we should see
differences in retinal remodeling (i.e., pit size and photoreceptor cell packing).
Consistent with this, we find that the central pit is more pronounced than that of the
temporal fovea and there is a higher degree of photoreceptor packing in the central
fovea. Interestingly, the two foveated areas occur through a slightly different sequence
of events. In the central fovea, photoreceptor cell packing and retinal lateral
displacement occur simultaneously, whereas in the temporal fovea, GCL mounding
occurs first, followed by increased number of photoreceptor cells and then pit formation.
In humans, ocular elongation encompasses a broad region of the globe, and like
the anole temporal fovea, GCL mounding is observed prior to pit formation
(Hendrickson and Yuodelis, 1984, Hendrickson et al., 2012). We believe that GCL
mounding before pit formation is an indication of ocular retraction, but the degree of
mounding is impacted by the overall shape of ocular elongation. The distribution of
forces is different in the central fovea than the temporal fovea. In the central area,
elongation is narrow and funnel-like, whereas in the temporal region it is much
shallower and broader. If we assume that foveal retina areas are subjected to equal
internal resistance (i.e., intraocular pressure) and possess the same intrinsic properties
(i.e., equal elasticity), then it is reasonable to expect that mechanical forces exerted at
the apex of the elongated regions during retraction would be greater in the central
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region compared to temporal. For instance, a broader elongated region would likely
disperse and alleviate some of the forces generated during ocular retraction whereas a
narrower more confined elongated region would tend to focus them. Hence, this could
offer some explanation as to why central and temporal foveal areas are morphology
different in the anole. Chameleons also have a fovea and undergo similar changes to
eye shape (Rasys et al., 2021a). Their central foveal region elongates and retracts to
similar degree like anoles, but the shape of its elongation is broader than the anole’s
central elongated region. It would be interesting to determine if GCL mounding occurs
during central fovea development in chameleons to test this hypothesis.
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Experimental Procedures
Animals
Lizards are maintained in a laboratory breeding colony at University of Georgia following
the anole husbandry and care recommendations outlined by Sanger et al. (2008a).
Eggs were maintained in the lab following the protocol previously described by Rasys et
al. (2021a). Experiments included the representation of both male and female lizard
embryos as well as hatchlings. Hatchlings were euthanized by means consistent with
the American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of
Animals.(Association, 2020, Conroy et al., 2009). All experiments were approved,
performed, and overseen by the University of Georgia Institutional Animal Care and Use
Committee as well as in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
Staging & dissection
Anole embryos develop over a 30-33 day period when incubated at 28˚C. Embryos
were collected from eggs at various timepoints after egg lay and removed from their egg
shells following the protocol described by Rasys et al. (2021a) and staged according to
Sanger et al., 2008 guidelines (Sanger et al., 2008b). Eyes were collected from 4 plus
embryos from each developmental stage.
Fixation, embedding, & staining
After dissection, eyes were placed in Bouin’s fixative, which was preferentially
chosen over 4% PFA solution because of its excellence at maintaining ocular shape
and its resistance to shrinkage artifacts that can occur during the dehydration process.
Additionally, it was specifically selected because its quality at preserving individual cell
morphology, which enabled easy detection of mitotic, differentiating, and pyknotic cells
on histological sections. Eyes were fixed at 4˚C overnight on a rocker and then rinsed
the next day five times in 1x PBS 15 min washes and then dehydrated in a series of
graded ethanol solutions 70%, 80%, 90%, 96% and 100% (twice) for 15 min each. After
which, dehydrated eyes were soaked in xylene for 30 min and then incubated in a
series of 3 paraffin wax jars for 30 min at 65˚C. Eyes were embedded in paraffin,
serially sectioned along a horizontal plane at a 10 μm thickness, stained and then
mounted following standard hematoxylin & eosin (H&E) and Cytoseal (Thermo
Scientific™ Richard-Allan Scientific™) protocols. Sections were imaged using a
KEYENCE BZ-700 microscope and photomosaic images were generated with Keyence
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image stitching software. Contrast and white balance of images were digitally enhanced
using Adobe Photoshop CC (2017.01 release).
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Retina measurements
Retina measurements were performed on horizontally sectioned eyes from
stages 6 (n= 4), 14 (n= 4), and hatchlings (n= 6) lizards. Total outer and inner retinal
lengths were measured and mean plus standard deviation recorded for each section.
The outer and inner retina lengths were measured so as to separate the retina into 10
individual bins. Each foveal region was centered in a bin. Retinal width measurements
(13 different areas) were performed at the intersection of the bins, foveal center and
parafoveal regions. This was done to ensure sampling of the same region across
multiple embryo retinas and stages. Retina length and width were recorded in µm units.
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